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DELIVERY OF OXYGEN SUPERSATURATED PHYSIOLOGIC SOLUTIONS 



Croas Reference To Related Applicationa 

5 This application is a continuation-in-part of 

application Serial No. 08/353,137, filed on December 9, 
1994, which is a continuation-in-part of application 
Serial No, 08/273,652, fil^d July 12, 1994, which is a 
continuation-in-part of application Serial No. 

10 08/152,589, filed November IS, 1993 (now U.S. Pat. No. 
5,407,426), which is a continuation-in-part of 
application Serial No. 07/818,045, filed January 8, 19192 
(now U.S. Pat. No. 5,261,875), which is a continuation 
of application Serial No. 07/655,078, filed February 14, 

15 1991 (now U.S. Pat. No. 5,086,620). The disclosures in 
each of the above -referenced cases are incorporated 
herein by reference. 

Technical Field 

This invention relates to an apparatus and 
20 method for delivering oxygen-supersaturated physiologic 
solutions during clinical procedures, such as 
angioplasty. 

Related Art 

I have previously disclosed methods for 
25 delivering oxygen- supersaturated solutions into blood 
without cavitation. Such solutions contain high levels 
of oxygen. 

In clinical angioplasty, it would be desirable 
to replace arterial blood beyond an angioplasty device 
30 with a physiologic solution containing oxygen. However, 
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when the oxygen is dissolved \inder pressures greater 
than about 1 bar, there is an increased risk of bubble 
formation and may lead to potential oxygen toxicity. 

fiiiTTrmaTv Qf The Invention 

5 This invention relates to an apparatus and 

method for delivering oxygen- supersaturated physiologic 
solutions during euigioplasty to replace arterial blood 
without bubble formation. 

A collapsible container of a physiologic 
10 solution is disposed within a hollow, gas-tight vessel 
so that a space between the container and the vessel is 
created. A trocar is located within the container, the 
trocar being in communication with a supply of oxygen 
under pressure. The trocar drives the oxygen into 
15 solution to prepare the oxygen- supersaturated solution 
within the container. 

An inlet port is provided in the vessel in 
conununication with the ispace and the supply of oxygen 
for pressurizing the space. The supply is in 
20 simultaneous communication with the space external to 
the container within the vessel and with the physiologic 
solution. 

To control the flow of undissolved oxygen from 
the space, an adjustable space exit valve is connected 
25 to the vessel. By adjustment, the exit valve permits a 
flow of oxygen from the space at a higher rate than that 
at which oxygen is introduced into the solution. 
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An angioplasty catheter having a central 
channel lies in conuniinication with the oxygen- 
supersaturated physiologic solution, which is infused 
into the artery without bubble formation. 

5 Brief Description Of The Drawinqa 

Figure 1 is a schematic illustration of an 
apparatus for preparing an oxygen- supersaturated 
solution; and 

Figure 2 illustrates a conf igxiration of the 
10 apparatus wherein the oxygen- supersaturated solution is 
delivered to a lumen of a blood vessel to replace 
arterial blood beyond am angioplasty device. 

Best Mode(s) For Practicing The Invention 

1. The Apparatus 

15 Turning first to Figs. 1-2 of the drawing, 

there is depicted an apparatus 10 for delivering an 
oxygen- supersaturated physiologic solution 12 into a 
lumen of a blood vessel 16 to replace arterial blood 
beyond an angioplasty catheter 18 during clinical 

20 angioplasty. The apparatus 10 operates in two modes: 
(1) preparation of the oxygen -supersaturated solution 
(Fig. 1) ; and (2) delivery of the oxygen- supersaturated 
solution to the angioplasty catheter (Fig. 2) . 

In Fig. 1, there is depicted an apparatus 10 
25 for delivering the oxygen- supersaturated physiologic 
solution 12 into a lumen 14 of a blood vessel 16 to 
replace arterial blood beyond an angioplasty catheter 18 
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during clinical angioplasty. The apparatus 10 includes 
' a. hollow, gas-tight vessel 20 within which is disposed 
a collapsible container 22 of initially oxygen-depleted 
physiologic solution 12. A space 24 exists between the 
5 container 22 and the vessel 20 into which the 
collapsible container 22 may expand. 

A trocar 26 is sealingly inserted into the 
vessel 20 and the container 22. Within the container 
22, a perforated section of the trocar 26 extends below 
10 a meniscus of the physiologic solution 12 which occupies 
the container 22. Upon connection with a supply 28 of 
oxygen under pressure, the trocar 26 drives the oxygen 
into the solution, thereby preparing an oxygen- 
supersaturated solution 30 within the container 22, 

15 An inlet port 32. is provided in the vessel 20 

in communication with the space 24 and the supply 28 of 
oxygen. . By the use of suitable valving which will be 
described in greater detail below, a single supply 26 of 
oxygen creates a differential in gas pressure across the 

20 walls of the container 22 within the gas-tight vessel 
20. - 

Also connected to the vessel 20 in 
communication with the space 24 is an adjustcible space 
exit valve 36, the valve 36 enabling control to be 
25 exercised over the flow of oxygen from the space 24 so 
that the oxygen may leave the space 24 at a higher rate 
than that at which oxygen is introduced into the 
solution. 

A fluid control means 38, such as a valve 
30 having a T-junction, has a gas-opened state 40 (Fig. 1) 
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in which the oxygen may flow from the supply 28 into the 
trocar 26. In a gae- closed state 42 (Fig. 2) the oxygen 
supply 28 iB isolated and the oxygen -supersaturated 
solution flows from the trocar 26 to the angioplasty 
5 catheter 18. 

The angioplasty catheter IB has a central 
channel 20 in coraraxinication with the oxygen- 
supersaturated physiologic solution 12, which is infused 
into the blood vessel without b\ibble formation beyond 
3 0 the angioplasty catheter 18. 

The experimental apparatus stnd procedure 
depicted in Fig- 1 will now be described in more detail. 

The supply 28 of oxygen is typically housed at 
a pressure at or below about 2500 psi. Near the tank's 

15 outlet, an oxygen supply regulator 44 (adjustable 
resistance) is provided for reduction of supply pressure 
to about 15-30 psi. Thus, the oxygen pressure inside 
the vessel 20 and outside the container 22 that occupies 
the space 24 is of the order of 15-30 psi. Typically, 

^0 the regulator 44 is provided with gauges or other means 
which signal the pressure of oxygen supplied tc the 
container 22 and the space 24. 

The regulator 44 is connected to a trocar 26 
via a tube, which has a branch that leads into the inlet 
25 port 32 provided in the vessel 20. Branching from the 
tube is a section along which oxygen may pass toward a 
stop cock or other fluid control means 38 which when in 
a gas-opened state (Fig, 1), allows the oxygen to pass 
into the trocar 26. 
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If desired, the trocar 26 may be provided with 
•multiple holes for delivery of the oxygen into solution 
in the container 22 under pressure. The trocar 26 is 
also used for ejection of the oxygen-supersaturated 
5 solution from the container 22 in * a manner to be 
described below. 

Upon entry into the phyisiologic solution from 
the trocar 26, oxygen bubbles rise within the oxygen- 
depleted physiologic solution in the container 22 to 
10 become dissolved under pressure therein, the thereby to 
form the oxygen-enriched physiologic solution. The 
container 22 preferably has a capacity of about 1-2 
liters. 

If desired, a clear, non-oxygen permeable 
15 plastic tape or adhesive sheet (not shown) may be 
applied to the external surface of the container 22 
within the gas-tight vessel 20. The plastic tape or 
film disposed about the outside of the container 22 
tends to prevent oxygen diffusion through the container 
20 22 into solution. 

A port 46 may be provided for the injection of 
ions, drugs, and the like into the container 22 before 
emplacement of the container 22 within the vessel 20. 

To provide an escape path for undissolved 
25 oxygen which occupies a volume above the meniscus of 
physiologic solution and within the container 22, a 
passage 48 is provided. A container exit valve 36 may 
be connected thereto for controlling the rate of escape 
of oxygen venting from the container 22. 
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The adjustable space exit valve 34 
conununicates with a pressure sensing means 52 that 
enables pressure inside the space within the vessel 20 
to be monitored. A differential pressure sensing meems 
5 5Q is provided to signal the pressure difference between 
oxygen leaving the space 24 and the container 22. 

The space exit valve 34 allows oxygen to vent 
at a higher flow rate from the space 24 than the bxabble 
flow rate within the container. This creates a pressure 
10 outside the container in the space that is a few psi 
below the pressure within the container 22. 

A preferable construction of the apparatus of 
the present invention comprehends the vessel 20 being 
fabricated from a clear gas-tight material such as an 
acrylic, or polycarbonate, or the like. Preferably, the 
vessel is cylindrical for uniformity of pressure 
distribution. Clear end plates 62,64 seal the vessel 20 
so that it is gas-tight. If desired, latches may be 
provided .for retaining the end plates (not shown) in 
relation to the cylinder . 



15 



20 



Turning now to Fig. 2, there will be described 
in greater detail the apparatus which is used to deliver 
the oxygen-supersaturated solution that is prepared as 
illustrated in Fig. 1. The regulator 44 is adjusted so 

25 that the outlet pressure from the oxygen supply is 
within the 20-200 psi range. The valves 36 and 3 8 are 
closed to oxygen flow so that the fluid control means 3 8 
is in its gas -closed state 42, The pressure 
differential gauge 54 indicates a reading of about 

30 0 psi, while pressure gauge 52 indicates a pressure in 
the space 24 to be about 20-200 psi. 
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The pressure of oxygen (about 20-200 psi) 
forces the undissolved gas out of the container and 
provides a 'hydrostatic pressure to: (a) dissolve all 
bubbles; and (b) deliver the now oxygen-supersaturated 
5 solution at a desired flow rate through the ^delivery 
tube 56, which is preferably fabricated from a plastic 
pressure tubing, or the like. 

Various monitoring parameters are derived. If 
desired, a pressure sensor 58 may be provided in 
10 communication with the delivery txibe 56, A flow probe 
60 may also be provided, as may a bubble detector 62, 

A portion of the flow passing along the 
delivery t\ibe is provided to permit a sample (about 1-5* 
of mainstream) for siphoning a specimen for analysis, 
15 This solution passes through a sensor 68 for detecting 
the partial pressure of oxygen within the oxygen- 
supersaturated physiologic solution. 

"As the delivery tube and its effluents pass 
through a heat exchanger 70, a thermal equilibrium is 
20 attained in which the oxygen- supersaturated physiologic 
solution is maintained about 37« before passing along a 
section of thermally insulated tube 80 and to the 
central channel 20 of the angioplasty catheter 18. 

Conventionally, the angioplasty catheter 18 
25 includes a balloon inflation port 74 and a balloon 76, 
which is inflated within a blood vessel such as a 
coronary artery 16. Passage of the oxygen- 

supersaturated physiologic solution along the central 
channel of the catheter 18 permits the oxygen- 
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supersaturated solution to fill the lumen 14 of the 
coronary artery 16 distal to the balloon 76, as shown. 

As schematically illustrated in Fig. 2, a 
monitoring means 80 is provided which senses and 
5 displays values for pressure as detected at the pressure 
sensor 58; flow rate, as detected at the flow probe 60; 
oxygen . partial pressure, as detected at the oxygen 
pressure sensor 68; an ?CG readout via am ECG means 82, 
and signals (intra coronary) transmitted by the 

10 angioplasty guide wire. If desired, an electronic shut- 
off means 78 is provided, wherein flow is truncated if 
the monitored parameters fail to lie within acceptable 
ranges. Conventionally, the monitoring device 80 
includes a manual stop button and a start button which, 

15 ppens the electronic shut-off valve 78. Optionally, a 
timer may be provided wherein the duration of infusion 
may be set. 

2 . The Method * 

During angioplasty catheter operations, when 
20 a coronary artery is temporarily occluded during 
clinical angioplasty, such as during balloon 
angioplasty, delivery of a physiologic solution, 
containing oxygen dissolved at 2-3 bar, at a liquid flow 
rate of 10 to 60 mL/min into the vessel beyond the 
25 angioplasty device will greatly reduce or even abolish 
myocardial ischemia. At such pressures and flow rates, 
the risk of bubble formation and potential oxygen 
toxicity is reduced. 

Thus, addition of oxygen- supersaturated 
30 solutions to flowing arterial blood is performed 
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optimally when a high concentration, on the order of 1-3 
m]> Oj/g, is used, thereby necessitating a low liquid flow 
rate (1-2 mL/min for an average coronary artery having 
a blood flow rate of about 100 cc/min) to achieve a net 
5 ©2 concentration in the blood of about 2-3 bar. 

As shown in Figures 1 and 2, the method 
provides a physiologic solution containing 2-3 bar of 
dissolved oxygen to a coronary artery during angioplasty 
in a simple, safe, and effective manner- 

10 The container 22 has a physiologic solution in 

a volume of about .1 liter of normal saline to which 
other components, such as potassium, calcium, magnesium 
ions, glucose, buffers, etc., can be added. 

The vessel 20 is, for example, an acrylic 
15 cylinder, approximately 6 in. in internal diameter with 
a wall . thickness of about 1/2 in. It can be 
pressurized, after sealing the ends with plastic plates 
and o-rings, to greater than 200 psi. 

Prior to placement in the vessel, the surface 
20 of the bag may be covered with a translucent plastic 
film which is relatively impermeable to oxygen. For 
example, application of clear packaging tape to the 
outside surface of the bag is effective for this 
purpose . 

25 After placement of the bag 22 in the vessel 

20, a dip trocar or trocar 26 within the bag is used to 
bubble oxygen at a target partial pressure, on the order 
of 2-3 bar. The space 24 external to the container is 
pressurized by the same oxygen source that pressurizes 
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the trocar 26. Allowing oxygen to leak at a slightly 
faster flow rate from the space outside the bag compared 
to the bixbble flow rate ensures that a differential 
pressure of a few psi is obtained which permits the flow 
5 of oxygen through the trocar 26 at an appropriate rate. 

Once the solution in the bag 22 has reached 
the target partial pressure of oxygen, flow through the 
dip trocar 26 is stopped and the oxygen pressure 
external to the bag is increased slightly to drive out 
10 any pockets at the top of the bag. The same source of 
oxygen is then used to increase the oxygen pressure in 
the vessel 20 to provide hydrostatic pressure for 
achieving liquid flow rates required for the coronary 
artery application. 

15 For example, pressures of about 3 0 to 60 psi 

can be used to deliver the oxygen supersaturated liquid 
at about 35 to 70 mL/min through the central channel 20 
of an angioplasty catheter without the presence of a 
guide wire. Pressures of 50-150 psi can be used to 

20 deliver the same flow rates when a guide wire is left in 
the central channel 20 of the angioplasty catheter. 

The hydrostatic pressure serves not only to 
drive the solution at an appropriate flow rate, but also 
forces any oxygen bubbles into solution, so that no 
25 bubbles are delivered into the artery. 

Additional hydrostatic pressure can be applied 
to be oxygen-enriched fluid after it leaves the bag, so 
that a sufficiently high pressure can be achieved 
proximal to high resistance (such as a hollow guide 
30 wire, or small silicon capillary tube) encountered in an 
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exit channel. The additional hydrostatic pressure could 
be applied by one or a variety of water pumps, such as 
a air-driven water pump. 

The relatively small channel (0,020" or 
5 smaller in most PTCA catheters) within the angioplasty 
catheter for delivery of the solution provides flow 
resistance means 84 a suitably high resistance which 
stabilizes the meniscus solution during infusion into a 
blood vessel. 

10 As is apparent from the above description, a 

small tank of oxygen can be used to both oxygenate a 
physiologic solution and provide the hydrostatic 
press^lre for delivering the solution through the 
catheter. 

15 Maintenance of sterility of the solution is 

simple with this system, since all tubing and fittings 
can be made inexpensively and, therefore, are disposable 
after use . - 

A few additional features can be added to the 
20 tubing at the outlet of the system to control the 
parameters of interest. Both pressure and flow can be 
monitored continuously and po^ can be monitored either 
from a side port or in a small tributary or side stream 
siphoned from the delivery tubing. Should pressure, 
25 flow, or poj fall outside of expected limits, the flow 
could be stopped with automatic electronic controls. 

By monitoring the ECG from the distal end of 
a standard guide wire within the angioplasty catheter, 
for example, with an alligator clip connected to a "V" 
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lead of a 12 lead ECG machine, intra-cardiac electrical 
activity can be used to determine if bubbles are 
produced inadvertently. 

Electrical impedance in blood is greatly 
5 reduced by the presence of gas bubbles, as I recently 
observed in an in vivo dog study. Even a few bubbles in 
a coronary artery, at a level which can be tolerated for 
a few minutes without sequelae, reduce the ECG signal 
from >20 mV to 0 within 2 seconds. 

The automatic shutoff mechanism 78 is 
incorporated in the oxygen- supersaturated solution 
delivery system. It is based on sensing a fall in the 
intra-cardiac ECG signal as monitored from the 
angioplasty guide wire. Thus, the delivery system is 
highly safe and reliable. 

A similar delivery system could easily be 
employed for providing cardioplegia solutions for 
protection, of the myocardium d\iring cardio -pulmonary 
surgical procedures. In that environment, a catheter 
20 would be inserted typically in the aortic root for 
intermittent delivery of either cold or warm 
cardioplegia solution which is supersaturated with 
oxygen, typically at about 2-3 bar dissolved oxygen 
pressure. 

25 The improved oxygen delivery afforded by the 

oxygen -enriched cardioplegia solution would reduce 
injury to the myocardium as a result of reperfusion upon 
completion of cardio-pulmonary bypass. As a result, 
myocardium performance would be enhanced, compared to 
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the use of cardioplegia solutions which are not enriched 
with oxygen. 

The artery of interest is not restricted to 
the coronary. It could be any artery in the body for 
5 delivering the oxygen- supersaturated fluid, such as 
cerebral arteries or for treatment of patients with a 
stroke or for arteries that supply tumors for enhancing 
radiation therapy of tumors with the oxygen-enriched 
fluid, 

10 The oxygen- enriched fluid can be delivered to 

any appropriate catheter that stabilizes the fluid 
during delivery. 

Having above indicated a preferred embodiment 
of the present invention, it will occur to those skilled 
15 in the art that modifications and alternatives can be 
practiced within the spirit of the invention. It is 
accordingly intended to define the scope of the 
invention -only as indicated in the following claims. 
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I CLAIM; 

1. An apparatus for delivering an oxygen- 
supersaturated physiologic solution into a lumen of a 
blood vessel to replace arterial blood beyond a catheter 
5 comprising: 

a hollow, gas-tight vessel; 

a collapsible container of physiologic 
solution disposed within the vessel so that a space 
between the container auid the vessel is provided; 

10 a trocar sealingly inserted into the vessel 

and the container, the trocar being in communication 
with a supply of oxygen under pressxire for driving the 
oxygen into solution via the trocar, thereby preparing 
oxygen- supersaturated solution within the container; 

15 an inlet port provided in the vessel- in 

communication with the space and the supply of oxygen 
for pressurizing the space; 

an adjustable container exit valve connected 
to the container, the container exit valve controlling 

20 the flow of undissolved oxygen from the container; 

an adjustable space exit valve connected to 
the vessel, the space exit valve controlling the flow of 
oxygen from the space so that oxygen leaves the space at 
a higher rate than that at which oxygen is introduced 

25 into the solution; and 

a fluid control means having a gas-opened 
state in which the oxygen may flow from the supply into 
the trocar and a gas -closed state in which the supply is 
isolated and the oxygen- supersaturated solution may flow 

30 from the trocar to the catheter so that the oxygen- 
supersaturated solution is infused into the blood vessel 
without bubble formation. 
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2. The apparatus of Claim 1, further 
■ ' cprnprising: 

an oxygen- impermeable sheet applied to an 
external surface of the container. 

5 3, The apparatus of Claim 1, further 

comprising: 

a port provided within the container for 
injecting ions, drugs, cOid the like into the container 
before emplacement of the container within the vessel. 

10 4. The apparatus of Claim 1, wherein the 

container exit valve provides an escape path for 
xindis solved oxygen. 

5. The apparatus of Claim 1, wherein the 
space exit valve permits pressure inside the space to be 

15 regulated so that a pressure differential is created 
between , oxygen leaving the space and the container 
wheraby a pressure outside the container in the space is 
less .than- the pressure within the container. 

6. The apparatus of Claim 1, wherein the 
20 vessel is cylindrical for uniformity of pressure 

distribution. 

7. The apparatus of Claim 1, further 
comprising : 

a delivery tube that connects the trocar with 
25 the angioplasty catheter. 

8. The apparatus of Claim 7, further 
comprising : 
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a pressure sensor in communication with the 
delivery tube for sensing the pressure at which the 
oxygen- supersaturated solution is delivered to the 
angioplasty catheter, 

5 9. The apparatus of Claim 1 , further 

comprising: 

a flow probe which measures the flow rate of 
oxygen- supersaturated solution delivered to the 
angioplasty catheter. 

10 10. The apparatus of Claim 7, further 

comprising: 

a bxibble detector iii commxinication with the 
delivery tube for detecting bubbles in the oxygen- 
supersaturated solution before delivery to the 
15 angioplasty catheter, 

11. The apparatus of Claim 7, further 
comprising:. 

' a sensor for detecting the partial pressure of 
oxygen within the oxygen- supersaturated physiologic 
20 solution before delivery to the angioplasty catheter. 

12 . The apparatus of Claim 7 , further 
comprising: 

a heat exchanger for creating and maintaining 
a temperature in the oxygen- supersaturated physiologic 
25 solution of about 37«C before delivery to the 
angioplasty catheter. 

13. The apparatus of Claim 12, further 
comprising: 
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a thermally insulated section of tubing which 
connects the heat exchanger with the angioplasty 
catheter. 

14. The apparatus of Claim 13, further 
5 comprising: 

a safety valve . in communication with the 
thermally insulated section whereby flow of the oxygen- 
supersaturated solution from the heat exchanger is shut 
off if monitored parameters are not in cui acceptable 
10 range. 

15. The apparatus of Claim 14 r fxirther 
comprising: 

means for generating an ECG signal connected 
to a guide wire of the angioplasty catheter, based on 
15 intra -coronary observation.^ 

16. The apparatus of Claim 1, wherein the 
physiologic solution comprises: 

-a saline solution. 

17. The apparatus of Claim 16, further 
20 comprising an additive to the saline solution, the 

additive being selected from the group consisting of 
potassium, calcium, magnesium ions, glucose, buffers, 
and mixtures thereof. 

18. The apparatus of Claim 1, further 

25 comprising: 

a flow resistance means disposed within the 
angioplasty catheter, whereby a suitably high resistance 
is afforded which stabilizes the oxygen- supersaturated 
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physiologic solution during infusion into the blood 
vessel. 

19. A method for delivering an oxygen- 
supersaturated physiologic solution into a lumen of a 
5 blood vessel • to replace arterial blood beyond an 
angioplasty device during clinical angioplasty, 
.cort5)rising: 

placing a collapsible container of a 
physiologic solution within a hollow, gas-tight vessel 
10 so that a space between the container and the vessel is 
provided; 

locating a trocar within the container, the 
trocar being in communication with a supply of oxygen 
imder pressxire; 

15 dissolving the oxygen into the solution \inder 

pressure to prepare the oxygen- supersaturated solution 
within the container; 

controlling respective oxygen flow rates into 
the solution and from the space so that the oxygen 

20 leaves the- space at a higher rate than that at which 
oxygen is introduced into che solution; and 

delivering the oxygen- supersaturated solution 
to an angioplasty catheter so that the solution is 
infused into the lumen without bubble formation. 

25 20. The method of Claim 19, wherein the step 

of delivering the oxygen- supersaturated solution 
comprises : 

infusing the solution under a pressure of 
about 2-3 bar at a liquid flow rate of about 
30 10-60 mL/min. 
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21. The method of Claim 20, wherein the step 
■ of delivering the oxygen-supersaturated solution 

comprises : 

infusing the solution at a concentration of 
5 about 1-3 mL Oj/g. 

22. The method of Claim 21, fiirther 
comprising: 

supplementing the physiologic solution within 
the container with an additive selected from the group 
10 consisting of potassium, calcium, magnesium ions, 
glucose, buffers, and mixtures thereof. 

23. The method of Claim 19, further 
comprising: 

arresting flow of oxygen through the trocar 
15 when the oxygen- supersaturated physiologic solution has 
reached a target partial pressure of oxygen; 

increasing the oxygen pressure within the 
space to drive out any pockets lying above a meniscus of 
the solution within the container; and 
20 increasing oxygen pressure in the space to 

provide hydrostatic pressure for achieving liquid flow 
rates required for coronary artery applications. 
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